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(54) Surface shape measurement 
apparatus 

(57) The apparatus of non-contact type 
is based upon acousto-optical scanning 
means 10 for producing a pair of 
polarized light beams 20,22 differing in 
frequency by a fixed amount, which are 
scanned twice in succession across the 
surface 34 to be measured in a 
succession of steps, with an electrical 
signal 44 being produced by 
heterodyne interference of the resultant 
reflected light 38,40. Beams 20a, 22a 
provide a reference signal 43 indicating 
the phase difference in the incident 
beams 20,22 to determine the phase 
difference resulting from reflection at 
the surface 34. Variations in phase of 
this signal 44, produced during the first 
scan, are processed to derive a set of 
data values representing 
measurement errors produced during 
the successive steps, which are utilized 
to correct a set of phase measurement 
values obtained during the second 
scan. The corrected phase 
measurement values thus obtained are 
integrated to produce surface shape 
data, with an accuracy of approximately 
0.01 jjLm or better being attainable. 
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SPECIFICATION 
Surface shape measurement apparatus 



5 ISS^S « CCUraC ^ f ma .° hinin 9 which is P° ssible ^ing precision machine tools has progressed 
substantially and as a result there .s an urgent requirement for apparatus to measure the shane and 
ro^ 

The principal method of precision surface shape measurement which has been used on a practical 

10 SSSaSSf"?" " 0W 18 UP ! n h0m ° dyne interfa ™°V "Oht With thfs me^oS ,tt 
h£Z ? S frequency are d.rected onto the surface under measurement, and interferecer (i e 

EST ' nterfereCe) resu,tin 9 from this is a " d ™asured. Such a method pSEEnW™ m 

level of measurement accuracy of the order 0.1 jun, which is insufficient for many present-dav u*Z?n. 
A modification of the homodyne inerference method has been proposed XrebJ date neZS^TZ 

*rlc?«nnZ ° Pt,Ca u Path d[fferences and hence measure surface height variations t?a high dSrefof 

A further d.sadvantage of prior art types of surface shape measurement apparatus is that in order to scan 

20 .Tn^ th „ e , SU ^ Ce 'J° ^ riVe SUrfaCe shape {nf ^mation ( the light beams are geneVaHy held n a 
fixed orientation while body having the surface to be measured is moved with respect to the I It SfJmf 
The resultant errors which resu.t. due to this physica. movement of the m^^^SSX^ 
accuracy which can be obtained by practical types of apparatus. "mitat.on to the 

It is an objectiveof the present invention to overcome the disadvantages of the Drior art descrih^ a h™„ 

25 and to provide a surface shape measurement apparatus which achieves a verv htah of ' 

accuracy by 'utilizing heterodyne interference of^ 

.^gereng^^ of [ight beams indde ^n jb^uifa c_e under S eJ.r**™ Z "flS 

JSlunedacross the surface in a succession of uniforjn^sjn orde r to maintain the ve^qhS of 
accuracy attainable with the heterodyne interf er -e^oTifc the light beams "usee oJ measurement 

"un^r^^^ 

surface which inevitably results in measurement errors. With the very high level of mnmZ^^L, 

35 whthctnvf * 0 ' 01 ^ ° r . bett ! r) ' H iS imp0Ssib,e t0 applv anv 'ormtf fixed coCZSS 
which can vary ,n an unpredictable manner for a variety of caused, for example as a result of small chanoes' 

a „? flra ? erat,n9 * mpera . ture of the °P tical ^stem, etc. For this reason a surface shape ^measurement 
S^i" 01 ?" 8 10 ^ e present inventio " P^orms each surface measurement o P er™onTng a line 
^. of * e s^ace under measurement, as two successive scans over the surface! £ flr!t sSj a 
40 Eeam f faeams which differ in frequency by a fixed amount and are spaced apart by Ted ^dis anceTq'ht 
orodu Jh h m l V6d V SUCC ? SSi ° n ° f St6pS ° f Uniform amp,itude al0 "9 *• ^ce. Th level oHn erf^ence 
who* SUST the reS i" tant " ght beams reflected from the surface '* converted into a^electr cal qnal 
Sues 2 T°" fr ° m 3 ? ere " C . e Ph3Se Va ' Ue durin9 each step is measured - ^e resultanlphase Sence 
„ c omduc!w w, processed to derive a set ° f v a'ues each representing an amount of measurement e ror 
45 cZ SS; d w ?• 3 f ?T"S St6p - A Se ° 0nd scan is then Performed, with the amplitude o S ^eps °this 
to?^ 9 entlCa ' t0 th3t f ° rthe firSt SCan ' and with the distance separating the light be ng nS idem Ll 
IminatPHT 9 ^ 81 ? amp "! ude ' 50 that the trai »"9 "9"t beam successively overlaps pos* ion Tprev oust 

S ir h 3 ^ 9 ,," 9 ^ bea , m - AS 3 reSU,t ' 3 set of pnase difference values are derived fo 'the 
sr, dosE of in ' ! ° ^' C r Tf* fr ° m 3 combi nation of a difference between the heights of the 
50 and I rl d8nCe °J the " 9ht beams ° n the surface under measurement during the correspondina steo 
?rocessin 0 l r s a h mOUnt ^ measurement enor ' the ,atter resu,tin9 f ™ the causes described above 
S'" 9 B the " performed on th e latter measured phase difference values, to subtract the previously 

oJase diIr P „ Urem 1 nt err ° r fr ° m the measured phase difference v a '"es. In this wa^a sefof co Lted 

liJhtdXZT^V*^™ measu . rement < a P a '> of "ght beams which emerge from the acousto-optical 
Sn, i,?h J ? ? success, ve'y d e«ected in uniform angular increments to provide the scTnina 

steps descr bed above, are split into two pairs of light beams. These constitute a probe ligh beam Sr 
12 1 k reCted .° nt ° the SUrface under meesurement, as described above, anS a refiSncXht Xm. 
60 SeZn are f ^ ed t0 Pr ° dUCe * Ph8Se reference Si ° na, < used for comparison with the signaf^ 
heterodyne mterference of the reflected light. Use of such a reference light beam pair serves to Sfm'nate 
many sourC es of measurement inaccuracy, such as the effects of temperature upon the chara«eS cs of the 
Sonm T' CtC ' 3 6nSUreS practicabi,it Vof use of such an apparatus in a normal indusS 
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Figure 1A is a diagram for illustrating the basic principles of operation of an acousto-optical light deflector, 
and 

Figure IB is a waveform diagram illustrating a double-sideband signal applied to drive the acousto-optical 
light deflector in Figure 1 A; 

5 Figure 2 is a diagram illustrating the relationship between a pair of light beams incident on a surface under 
measurement, and the resultant reflected light; 

Figure 3 is a general block diagram of an embodiment of a surface shape measurement apparatus 
according to the present invention; 
Figure 4 is a diagram illustrating the manner in which a probe light beam pair are successively stepped 
10 across a surface under measurement; 

Figure 5 is a waveform diagram illustrating a step voltage applied to control the carrier frequency applied 
to the acousto-optical light deflector in the embodiment of Figure 2; 

Figure 6A to €C are diagrams for illustrating phase measurement errors produced when a probe light 
beam pair is scanned across a surface under measurement; 
15 Figure 7 is a graph illustrating the relationship between phase measurement error and the degree of 15 
deviation of the probe light beam pair from the optical axis of the. measurement system; 

Figure 8A to 8D, and Figure BA, SB are diagrams for illustrating a method of deriving a phase error function 
and a set of corrected phase measurement values; 
Figure 10 is a general diagram of an example of an optical system for a surface shape measurement 
2o apparatus according to the present invention; and 20 
Figure 11 is a detailed diagram of an important portion of the optical system of Figure 10. 
Before describing in detail an embodiment of a surface shape measurement apparatus according to the 
present invention, a brief summary will be given of the basic principles of an acousto-optical light deflector 
suitable for use with the present invention. Referring to Figure 1 A, an acousto-optical Jight deflector 10 
25 comprises a medium 9 which is transparent to light and suited to propogation of ultrasonic acoustic waves, 25 
with a piezo-electric transducer 1 5 acoustically coupled to the medium. Numeral 17 denotes an acoustic 
absorption member. Numeral 14 denotes a combination of a double-balanced modulator circuit and a power 
amplifier circuit for amplifying the modulator output. A carrier signal source 12 inputs a high-frequency 
carrier signal at frequency f 8 to the modulator circuit, while a modulation signal source applies a sinusoidal 
30 waveform modulation signal of lower frequency, f m/ which is applied as a modulation signal to the 30 
modulator circuit. As a result, an output "signal is applied to piezo-electric transducer 15 having the waveform 
illustrated in Figure 1 B, i.e. which comprises the sideband frequency components (f a + f m ) and (f a — f m ). 
Ultrasonic travelling -acoustic waves are thereby generated in medium 9, as indicated by numeral 11, which 
produce successive regions of relatively increased and decreased coefficient of refraction in medium 9. As a 
35 result, medium 9 serves to diffract and to frequency modulate light which passes therethrough. Numeral 18 35 
denotes a beam of polarized light which is emitted from a source such as a laser and enters medium 9 at an 
angle 6 8 with respect to the transverse direction of the transverse direction of the travelling acoustic waves, 
and is thereby split into a non-diffracted component 24 and two diffracted component light beams 20 and 22. 
This diffraction phenomenon has been described in detail in, for example, a paper by Baronian presented at 
40 the IEEE 1974 Region Six Conference,. entitled "Acousto-optic Bragg Diffraciton Devices ancftheir 40 
Applications", and is basically analagous to the diffraction of X-rays in crystals. The optimum value of the 
input angle of incidence 0 S , with regard to maximizing the diffracted light component, is therefore referred to 
as the Bragg angle. 

Designating the frequency of the lightwaves in the incident light beam 18 as f 0 , frequency modulation of 

45 the incident light beam is performed within medium 9, whereby the diffracted component light beams 20 45 
and 22 have the respective frequencies (f 0 + f a + f m ) and (f 0 + f a - f m ). 

The angle of divergence between the two diffracted light beams 20 and 22 is determined by the frequency 
difference between them, and hence can be varied by variation of the modulation frequency f m . 
The degree of diffraction produced, and hence the direction at which the pair of light beams 20 and 22 

50 emerge from the acousto-optical light diflector, can be varied by varying the carrier frequency f a . However to 
produce major changes in this direction, it is necessary to ensure that the direction of incidence of the 
incoming light beam is held colse to the Bragg angle. In a surface shape measurement apparatus according 
to the present invention, scanning of a pair of light beams across a surface under measurement is performed 
by producing the light beams from an acousto-optical light deflector as illustrated in Figure 1 A, and 

55 sweeping the carrier frequency f a in a succession of decrements or increments of uniform value, to thereby 55 
successively deflect the light beams 20, 22 by successive angular amounts. The value of the Bragg angle 
varies in accordance with the frequency of the acoustic waves generated within medium 1 1, i.e. in 
accordance with the carrier frequency f„. Thus if only a single piezoelectric transducer 15 is utilized, as shown 
in Figure 1A it will not be possible to vary the beam deflection over a substantial angle. However this 

60 problem can be overcome by using a "phased beam array", i.e. a set of piezoelectric transducers which are 60 
successively selected as the carrier frequency changes, and are respectively positioned such as to maintain 
the angle between the wavefront of the travelling acoustic waves and the incident laser light beam close to 
the Bragg angle throughout the carrier frequency sweep. 
A suitable drive circuit to perform the functions of circuit blocks 12 and 14 in the example of Figure 1 A, is 

« commercially available from Intra Action CorD. of Bensenville. Illinois. USA. under the desianation Model 
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DE-70M VCO Deflector Drive. This incorporates a voltage-controlled oscillator (VCO) serving as carrier signal 
source 12, whose frequency can be varied to provide the sweep function described above by application of a 
suitable control signal waveform. An acousto-optical light deflector for use with this drive circuit is marketed 
by the same company under the designation Model AOD-70 Acousto-Optic Light Deflector. 

5 With the heterodyne interference of light method of surface shape measurement, a pair of light beams of 
mutually different frequencies, spaced a fixed distance apart, directed onto the surface under measurement 
to be reflected therefrom, and the reflected beams are made to interfere while incident on a photo-electric 
transducer. A beat-frequency signal is thereby produced by the transducer, varying in accordance with the 
interference, whose frequency is equal to the frequency difference between the two light beams. 

10 For example, if light of frequency f1 is designated as E1, and light of frequency f2 is designated as E2, then 10 
these can be expressed as time functions as follows: 



E l (t) = A 1 {t)cos(27rf 1 t + (}> l (t)) 
E 2 ft) = A 2 (t) cos (2irf 2 t + <t> 2 (t)) 

15 15 
Here, A1 and A2 denote amplitudes, and o1, o2 denote phase. 

If these light waves are allowed te interfere, then the amplitude l(t) of the intertference is given as: 



l(t) = lE1(t) + E2(t)| 2 

20 20 
If this is converted to an electric current i(t) by a photo-sensor, then the following electrical signal can be 

obtained : 

iWctA, 2 + A 2 2 + 2.A t A 2 cos(2TrMt + A<f>) 

25 25 
Here, Af « f 1 -f2 , A(J> = <j>1 - 4>2 

Changes in phase of this signal can easily be measured if f is in the range 10 5 to 10 6 Hz, approximately, and 
this phase will vary in direct accordance with changes in phase difference between the two reflected light - 
beams. Thus, if such a pair of light beams is reflected from a surface, to then fall upon a photo-electric r 

30 transducer, then any difference in surface height between the points on which the beams fall will result in a, 30 
change in the respective path lengths of the reflected beams, which can be regarded as change in phase 
difference between the beams. Thus, such a difference in surface height can be measured as a shift in phase 
of the output signal from the photo-electric transducer sensing ther light interference. 
This process is illustrated in Figure 2, in which a pair of light beams 20b, 22b, are incident on a surface 34 at 

35 positions A and B respectively, with there being a difference in height z between these positions (i.e. a height 35 
difference measured along the direction of the incident light beams). Such a height difference will produce a 
corresponding difference in path length of the reflected light beams 20c, 22c, when these reach a 
photo-electric transducer, which can be expressed as a phase shift of the photo-electric transducer output 
signal as described above. ~ ~ 

40 Figure 3 is a block diagram of an embodiment of a surface shape measurement apparatus according to the 40 
present invention. A'singie light beam 18, at a frequency f 0 , is emitted from a laser light source 28, and is 
incident upon an acousto-optical element 10. Ultrasonic travelling waves are generated within acousto- 
optical light deflector 10 by a drive signal applied from a double-balanced modulator circuit 14, operating 
from a carrier signal of frequency f a produced from a carrier signal source 12 which comprises a 

45 voltage-controlled oscillator circuit (VCO), and a modulation signal of frequency f m applied from a / 45 

modulation signal source 16, as described hereinabove referring to Figure 1. A pair of light beams 20, 22 are 
thereby output from acousto-optical light deflector 10, with an angle of divergence and frequency difference 
between them whose values are determined by the value of modulation frequency f m and which are 
deflected with respect to the incident laser light beam 1 8 by ah angle determined by the carrier frequency f a . 

50 Light beams 20 and 22 contain the frequency components (f 0 + f a - f m > and (f 0 + f a + f m ) respectively, where 50 
f 0 is the frequency of laser light beam 1 8. 

Numeral 30 denotes an optical isolator, which is made up of a polarizing beam splitter and a 1/4 
wavelength plate, the latter being disposed on the opposite side of the polarizing beams splitter to 
acousto-optical deflector 10. This optical isolator 30 is positioned between acousto-optical element 10 and 

55 the surface under measurement 34. The two light beams 20 and 22 are each split by optical isolator 30 into 55 
light beams travelling in two different directions. As a result, reference light beams 20a, 22a are produced, 
which do not impinge upon the surface under measurement 34, while the light which emerges from optical 
isolator 30 in the other direction, and will be referred to as a probe light beam pair, passes through a 
condenser lens 32 to be thereby focussed onto the surface under measurement as two extremely 

6 q small-diameter spots separated by a fixed spacing. The value of this spacing can be varieci by altering 60 
modulation frequency f m , to thereby alter the angle of divergence between light beams 20, 22. 

The resultant light beam pair reflected from surface 34, designated by numerals 38, 40, then passes 
through condenser lens 32 and is reflected by optical isolator 30 onto a photo-electric transducer section 56 
which includes a photo-receptor 55 to perform photo-electric conversion of interference between the 
roflortoH linht hoamc 98 ACi Mi imoral *d Hpnntps a nhoto-filf?ctric transducer section which includes a 
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photo-receptor 53 positioned to perform photo-electric conversion of the interference between reference 
light beams 20a, 22a. Each of these photo-electric transducer sections can comprise for example a PIN 
photo-diode used as a photo-receptor, and* a current-voltage converter, with the beat frequency signal 
current produced by the PIN photo-diode being converted to a voltage signal. 

As described hereinabove, there will be a shift in phase between the reflected light beams 38 and 40, 5 
whose magnitude will be determined by the difference in surface height between the points on surface 34 at 
which the light beams from condensor lens 32 are respectively incident, and with the direction of the phase 
shift being determined by the direction of that height difference. As a result, corresponding shifts will occur 
in the phase of the beat frequency signal generated by interference between light beams, from photo-electric 
transducer section 56. If the DC component is removed from each of the output signals from photo-electric 10 
transducer sections 54 and 56, then the resultant AC voltage signal which Is output on line 43 will be fixed in 
phase, and will be referred to in the following as the phase reference signal, while a phase measurement 
output signal from photo-electric transducer 56 appearing on line 44 will vary in phase in direct accordance 
with any phase difference between reflected light beams 38, 40, i.e. in direct accordance with any difference 
between the heights of the positions on surface 34 from which light beams 38, 40 are reflected. The 15 
frequency of both the phase reference signal and the phase measurement signal is the difference between 
the frequencies of lig ht beams 22, 20, i.e. 2f m . In the following, it will be assumed that the phase reference 
signal represents zero phaJe. That is to say, if the probe light beam pair 20b, 22b fall upon positions on 
surface 34 which are perfectly coplanar in a plane aligned perfectly perpendicular to the direction of the 
probe light beam pair, then the phase measurement signal will be exactly in phase with the phase reference 20 
signal. Any deviation from this condition will result in a change in phase of the phase measurement signal 
whose polarity and amplitude are respectively determined by the direction and the magnitude of the 
difference in height between the positions of incidence of the probe light beam pair (i.e. quantity A z 
illustrated in Figure 2). The value of the phase of the phase measurement signal appearing on line 44 is 
measured by means of a phase comparator circuit 46, which compares the phase measurement signal with 25 
the phase reference signal phase. 

The value of surface height difference A z can be expressed as: 



Az = X.A<J>/(4ir) 



30 



35 



40 



45 



A8d = XAf./V a 



55 



60 



30 



In the above, X is the wavelength of the light output from the laser, and <}> denotes the phase of the phase 
measurement signal, defined as described above assuming the phase reference signal phase as zero. If a 
He-Ne laser is used, then X « 0.6328 y.m, so that A z has a value of 8.8 angstroms per degree of change in 
phase of the phase measurement signal. The maximum value of surface height difference which can be 
measured in this way is equal to ±X/4. 35 

Numeral 48 denotes a central processing unit, comprising for example analog-digital converters, 
data-processing circuits and memory circuits, for processing the phase values produced by phase 
comparator 46 as described hereinafter, and which can be based on a personal computer. 

Numeral 47 denotes a control signal generating circuit, for producing a signal of analog type on output line 
60 to control the value of carrier frequency f a produced by VC0 12 to thereby control the angle of deflection 40 
of light beams 20, 22, and a control signal on line 58 for controlling the frequency f m of the modulation signal 
from modulation signal source 16 to thereby control the angle of divergence between light beams 20, 22. 

The change AGd in the angle of deflection of light beams 20, 22 produced by a change Af 8 of the carrier 
frequency is given as: 



45 



Where V a is the acoustic velocity within acousto-optical light deflector 10, and X is the wavelength of laser 
light beam 18. 

. 50 The angle of divergence 6 8 between deflected light beams 20, 22 is given as: 50 
6 B = X . 2fm/V a 



Referring now to Figure 4, the method of scanning over surface 34 is illustrated. Initially, the probe light 
beam pair 20b, 22b, spaced apart by the fixed separation S 0 , are respectively incident on positions r1, r2 of 55 
the surface, and the height difference Z between them is measured as a phase difference as described above. 
Afirst scanning step is then performed, whereby light beams 20b, 22b are shifted.by an amount equal to the 
separation S 0 between them, so that now they are incident on positions r2, r3 respectively, that is to say, the 
trailing beam 20b is now incident on the previous position of leading beam 22b. A second step is then 
performed, of equal amplitude to the first, then a third, and so on. The Intervals between each step, during 60 
which the phase measurement Is performed, are of uniform duration. 

Figure 5 illustrates a waveform for the analog control 25 signal applied over line 60 in Figure 3 to VCO 1 2, 
whereby a succession of uniform increments of the angle of deflection of the light beam pair 20, 22 from 
acousto-optical light deflector 10 is produced, to hereby produce a succession of steps of the form shown in 
cinuro a wntml vnltane stpn i« ftf uniform amnliturift. W and of uniform duration, t. 65 
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Figure 6A shows an example of beam scanning across a surface having a very simple shape, for ease of 
explanation. Initially, the probe light beam pair are positioned at positions r1, r2 respectively, while 
measurement of the corresponding value of phase is performed at time tl . The beams are then stepped into 
positions r2, r3 respectively, and phase measurement performed at time t2, and so on, until time t7. The 
5 resultant set of measured phase values is represented graphically in Figure 6B, on the assumption that the 5 
overall system does not introduce measurement errors. At time t1, both light beams are incident on a 
perfectly plane portion of surface 34 which is aligned perpendicular to the beam direction, so that the 
measured phase value is zero.as described hereinabove. At time t2 and at time t3, the beams are both 
incident on a slope of fixed inclination, so that the height difference between the positions of incidence is 
equal in each case, and hence the measured phase values are equal. In a similar manner, phase values -j q 

corresponding to the surface shape are measured at times t4 to t7, with the phase polarity being reversed 
when the slope inclination angle is reversed. However as the angle of deflection of beams 20, 22 shown in 
Figure 3 deviates from the direction of the optical axis of the system which directs and focusses probe light 
beam pair 20b, 22b, errors of increasing magnitude are introduced into the measured phase values. As a 
15 result, the set of measured phase values obtained for the case of Figure 6A might appear as shown in Figure -j 5 
6C. Each of this set of values can be regarded as the sum of an error value (whose magnitude varies with the 
degree of beam deflection, i.e. with the scanning position) and a true phase value. This set of error values 
can be regarded as varying in accordance with a continuously varying function, which will be referred to as 
the phase error function. The phase error function varies as the modulation frequency f m is varied, but 
20 basically approximates to a third-order curve having a value of zero when the angle of deflection of light 20 
beam pair 20, 22 is zero. This is illustrated in the graphs of Figure 7, in which phase error functions o(s)1 and 
o(s)2 are plotted as variations of measured phase o with respect to angle of beam deflection, and result for 
modulation frequencies f m 1 and f m 2 respectively, with phase error function <|>{s)2 being equal to phase error 
function 4>(s)1 multiplied by the factor f m 2/f m 1. 
25 With a surface shape measurement apparatus according to the present invention, each measurement 25 
operation comprises scanning the probe light beam pair over the surface in steps of uniform amplitude. A 
set of phase error values are derived by CPU 48 from the resultant output signals produced by phase 
comparator 46, i.e. values which vary according to an error characteristic of the form shewn in Figure 7. 
These values are then subtracted from a set of measured phase values derived by a scanning operation the 
30 form described hereinabove with reference to Figure 4, i.e. with the probe light beam pair being stepped in a 30 
successively overlapping manner, a set of phase values being obtained thereby which include the 
measurement errors described above, and will be referred to as the uncorrected phase values. The phase 
error value corresponding to each scanning step is then subtracted from the uncorrected phase value 
obtained for that step, to thereby derive a set of corrected phase values, from which the effects of 
35 measurement system errors have been eliminated. These values are then integrated, to produce a set of data 35 
values representing the surface shape. By repeating a plurality of such double scan operations over 
successively adjacent strips of the surface under measurement, the overall surface shape can be obtained. 

A first method of deriving the phase error function will now be described, in which each measurement 
operation comprise a pair of immediately consecutive scans over the same surface portion. Duringlhe first 
4Q scan, a control signal applied over line 58 from control signal generating circuit 47 to modulation signal 40 
source 1 6 sets the modulation frequency f m to a value such that angle of divergence of deflected light beams 
20, 22 is reduced to such a degree that the spacing between probe light beams 20b, 22b becomes less than 
the minimum for which the beams can be resolved, i.e. less than the distance set by the Rayleigh criterion for 
resolution of adjacent light beams of circulat cross-section. The probe light beam pair 20b, 22b thereby 
4 5 substantially mutually overlap, so that the phase of the output signal produced by photo-electric transducer 45 
56, resulting from heterodyne interference between the reflected light beams 38, 40, will be independent of 
variations in height of surface 34. Thus, the set of phase values obtained during this first scan will vary in 
accordance with the phase error function, e.g. if the modulation frequency f m during the first scan is 
assumed to be f m 1 shown in Figure 7, then the set of values thus derived will vary in accordance with phase 
50 error function 4>(s)1. Assuming that the modulation frequency value to be used during actual surface 50 
measurement is f m 2 shown in Figure 7, CPU 48 then acts to multiply each of the phase values obtained from 
the first scan by the factor f m 2/f m 1 . In this way, a set of phase error value is obtained, which vary in 
accordance with phase error function <t>(s)2. A second scan is then performed, as described hereinabove with 
reference to Figure 4, with control signal generating circuit producing a signal causing modulation signal 
55 source to set the modulation frequency f m to the value f m 2, to thereby set the spacing between probe light 55 
beam pair 20b, 22b to an amount equal to the amplitude of each scanning step, i.e. spacing S 0 shown in 
Figure 4. A set of uncorrected phase values are thereby produced from phase comparator 46, each 
representing the sum of a true phase value and an error value. The corresponding phase error values are 
then subtracted from these uncorrected phase values, to derive the corrected phase values. These are then 
go integrated, to derive data values representing the shape of the surface strip measured during that pair of 60 
scans. 

The set of true (i.e. corrected) phase values can be expressed as: 
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while the set of phase measurement error values can be expressed as: 
(* S 1,<J)«2 ,**n). 

5 The set of uncorrected phase values generated as described above by the second scan, can therefore be 5 
expressed as: 

4>is + p)1*4>(s + p)2' /4>(s + p>n 

10 Thus the set of corrected phase values 4> p i can be derived from the set of uncorrected phase values 4> (£ + p) i 10 
by the operation: 

<W = +ts + pji ~ 4>«' 

15 The surface shape as measured along the line of scan is thereby obtained by integrating the corrected 15 
phase values, e.g. is given as the integral: 



20 



1 = n 
2<t> P i 

.i = 0 20 



If CPU 48 comprises a general-purpose type of microcomputer or minicomputer, then the above 
operations can readily be accomplished by suitable programming. 
A second method of deriving the phase measurement error function will also be described, which is 

25 applicable to measurement of a surface shape of basically planar configuration, e.g. comprising a number of 25 
flat portions which may be situated in different mutually parallel planes as illustrated in cross-section in the 
example of Figure 8A. Assuming that probe light beam pair 20b, 22b are scanned across the surface in a 
succession of steps as described above, in direction r, the resultant phase value <p produced by phase 
comparator 46 will vary as shown in Figure 8B. Prior to position ri the phase will be zero (assuming a 

30 perfectly smooth planar surface), while at position r1 the phase will attain a positive value $1 representing 30 
the magnitude of surface height difference Z1 , and will thereafter return to zero, and so on, with phase values 
-<p1, <J>2, -<J>3 respectively representing changes in surface height a positions r2, r3 and r4 along the line of 
scan. With this second method of deriving the phase measurement error function, each measurement 
operation consists of a single scan along a line portion of the surface, with the spacing between probe light 

35 beam pair 20b, 22b, being held fixed at the value used for surface height measurement (i.e. spacing S 0 which 35 
is equal to the scanning step amplitude, as shown in Figure 4). During this scan, a set of uncorrected phase 
values are produced by phase comparator 46 as described hereinabove, i.e. with each value representing the 
sum of a quantity corresponding to a surface height difference and a quantity corresponding to 
measurement error, and these are stored by memory means contained in CPU 48. In addition, CPU 48 uses 

4 0 these phase values to derive a set of measurement error values corresponding to the phase measurement 40 
error function, which are then used to correct the stored uncorrected phase values. Such a set of uncorrected 
phase values, derived from the surface example of Figure 8A, is illustrated graphically as curve 72 in Figure 
8C. As shown, this comprises a smoothly varying characteristic (corresponding to successive phase 
measurements of the planar portions of the surface) connected by jumps in phase value of large amplitude, 

45 e.g. 74,75, which correspond to the surface height changes of magnitude 21, Z2 As these phase values 45 

are produced by phase comparator 46 during the scan and are successively memorized, CPU 48 acts to 
detect any phase value which differs in magnitude from the phase value of the immediately preceding 
scanning step by more than a predetermined maximum value, and to ignore that large-magnitude phase 
value in the subsequent processing. In this way, a set of phase values are produced which can be 

5 0 represented as shown by characteristic 76 in Figure 8D. 50 
The surface measured will not in practice be ideally smooth, however the variations in measured phase 
value resulting from surface roughness are essentially random in distribution, e.g. as illustrated by 
expanded portion 78 of characteristic 76 shown in Figure 9A This set of phase values is therefore subjected 
to statistical averaging, by CPU 48, to thereby derive a set of phase values which follow a smoothly changing 

55 average characteristic as illustrated by numeral 80 in Figure 9A. This average characteristic is an accurate 55 
approximation to the phase measurement error function. 

The set of uncorrected phase values, stored as described above, is illustrated graphically in Figure 7C. 
These uncorrected phase values are then read out of storage, and the corresponding phase measurement 
error values for the successive steps, derived as described above, are subtracted from the uncorrected phase 

30 values by CPU 48. A set of corrected phase values are thereby derived, e.g. as illustrated graphically in Figure 60 
9B, which include both the small-magnitude phase variations resulting from surface roughness and the 
large-magnitude phase variations which result from large changes in surface height, e.g. changes brought 
about by machining. This set of corrected phase values is then Integrated by CPU 48 to derive data values 
representing the surface shape, as measured along the line of scan. 
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measurement apparatus shown in Figure 3. Numerals 82 and 90 denote cylindrical lenses each of which has 
a focal length of 84 and 86 are plano-convex lenses, each having a focal length of L 2 . Numeral 88 denotes 
a polarizing beam-splitter, and 92 is a 1/4 wave plate. Numeral 32 denotes a laser condenser lens having a 
focal length of l_o. 

5 In order to attain aximum resolution for the diffraction produced by acousto-optical deflector 1 0, the light 5 
beam produced by laser light source 28 should be converted to have an elongated, i.e. elliptical 
cross-sectional shape, with the elongated axis being directed parallel to the paper as viewed in Figure 10. For 
this purpose, a broad-width b t eam is produced by the combination of cylindrical lens 82 and plano-convex 
lens 84. In general, the beat frequency signals which are output from photo-electric transducer sections 54 

10 and 56 will differ in amplitude from one another, but it is desirable to apply input signals to phase -j q 

comparator 46 which are as uniform in amplitude as possible. The difference between the output signal 
amplitudes from photo-electric transducer sections 54 and 56 is basically due to the fact that the intensity of 
light reflected back from the surface under measurement will vary in accordance with the reflectance of that 
surface. To compensate for this, the relative amplitudes of signals 43 and 44 can be adjusted, if laser light 

15 source 28 produces a linearly polarized beam, by rotating the laser tube in light source 28 about the optical 15 
axis, so as to adjust the axis of linear polarization of the output light beam. This will result in a corresponding 
change in the relative proportions of light which is transmitted through beam splitter 88 to the surface under 
measurement and the light which is reflected onto photo-receptor 56. 
It is preferable to arrange that the light beams which fall upon photo-receptors 52 and 54 are of elongated, 

20 i.e. elliptical cross-section. One advantage of this is that the intensity of light falling on each photo-receptor is 20 
thereby increased, by comparison with a circular cross-section beam pattern. Another important advantage 
is that, as the position of a photo-receptor is moved along the axis of elongation of such an incident beam 
pattern comprising two interfering beams, the phase of the output beat-frequency signal produced by that 
photo-receptor will vary. This allows the relative phases of the output signals from photo-electric transducer 

25 sections 54, 56 to be adjusted so that the output signal from section 54 serve as a "zero phase" reference 25 
signal, for phase comparison by. phase comparator 46. As a result of the shaping of the incident beam 
entering acousto-optical deflector 10, the beams emerging from deflector 10 are also of elliptical 
cross-section, and so therefore will the reference beams falling on photo-receptor 54. The pair of beams 
which pass through cylindrical lens 90 are converted to have a circular cross-section thereby, so as to 

30 minimize the spot size incident on the surface under measurement However the resultant reflected beams ' 30 
pass back through cylindrical lens 90, and are thereby converted to elliptical cross-section before being 
reflected onto photo-receptor 58. 

In the embodiment of Figure 10, the two light beams which are split by acousto-optical deflector 10 are 
indicated as a single beam, for clarity of description. In addition, non-diffracted light is omitted from the 

35 drawing. The actual shapes of the light beams within the optical system are as illustrated in the partical 35 
detailed cross-sectional view of Figure 1 1, which shows how the probe light beam pair are directed and 
focussed onto surface 34, and the reflected light beams 38, 40 are formed to have elongated cross-sections 
(i.e. elongated in a direction parallel to the plane of the paper). The cross-hatched portion in which reflected 
beams 38 and 40 overlap constitutes the region in which heterodyne interference between these beamsls 

40 produced, and this portion is directed onto photo-receptor 55 to thereby produce a corresponding 40 
beat-frequency signal. 

Designating the modulation frequency which determines the angle of divergence of the two light beams 
after leaving deflector 10 as f m , the resultant distance S 0 separating the two light beams when they become 
incident upon the body surface being measured is given as follows: 

45 45 
S 0 = 2-L r Lo-Xfm/{LrV 0 ) 

Here, V 0 is the velocity of travel of sound waves within acousto-optical deflector 10. if for example V 0 = 3.8 
km/sec, = 15mm, L 2 = 500mm, and Lo = 7mm, then if f m =100 kHz, the value of separation distance S 0 will 
50 be 7 micronmeters. 50 
The amount of lateral displacement ASd applied to probe beam pair 20b, 22b as a result of a change f a in 
the carrier frequency of the drive signal applied to acousto-optical deflector 1 0, is given as: 

AS d = LrL 0 Xf a /(LrV a ) 

55 55 
From the above, it will be understood that the present invention enables surface shape to be measured to a 
very high degree of accuracy, which has hitherto been attainable only with extremely complex and 
expensive equipment and moreover with equipment which is generally suitable for use only under carefully 
controlled environmental conditions, rather than in a normal industrial environment in which various 

50 disturbing factors such as operating temperature fluctuations, vibration, etc are inevitable, and that an 60 
apparatus according to the present invention can be of simple configuration yet will provide satisfactory 
operation in spite of such external disturbing factors, due to the use of a dual-scan technique whereby the 
magnitude of errors due to such factors or other causes are accurately measured immediately prior to each 
measurement operation, to thereby provide error-free measurement results. 
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should be noted that various changes and modifications to the embodiments may be envisaged, Which fall 
within the scope claimed for the invention as set out in the appended claims. The above specification should 
therefore be interpreted in a descriptive and not in a limiting sense. 

5 CLAIMS ... 

1. A surface shape measurement apparatus for generating data representing the shape of a body 
surface, comprising: . 

scanning means for producing a probelight-beam pair comprising first and second light beams mutually 
10 differing.in frequency and for directing said light beams onto said surface, andfor scanning said pair of light 
beams across.a portion of said surface in a succession of steps of fixed amplitude; * 

phase detection means for sensing heterodyne interference between first and second reflected light 
beams:from said surface resulting respectively from said firstand second light beams incident thereon, to 
thereby producing during each of said scanning steps data representing a phase value whichcorresponds to 
ts a degree of phase difference between said first and second reflected light beams; and. 

data-processing circuit means operating on said phase values produced by said phase detection means to 
produce a set of phase measurement error values which respectively represent an amount of measurement 
error produced during each of said scanning steps and are in accordance with a phase error function, for 
subtracting from each of said phase values produced by said phase detection means the corresponding one 
20 of said phase measurement error values to thereby derive a set of corrected phase values, and for 

performing integration of said set of corrected phase values to derive said data representing the shape of 
said surface. 

2. Asurface shape measurement apparatus according to claim 1, in which said scanning of said surface 
portion is performed as consecutive first and second scans in which the separation between said first and 

25 second light beams of said probe light beanrpair is held at a fixed fixed spacing and a second fixed spacing 25 
respectively, each of said first and secondscans being of identical step amplitude, and in which during said 
first scan only a set of phase values representing measurement error values are derived by said phase 
detection means and in which during said second scan the degree of separation between said light beams is 
such that during each step thereof, the position of incidence of said second light beam on said surface 

30 overlaps the.position of incidence of said first light beam thereon during the precedingstep, whereby each 30 
phase valuederived by said phase detection means during said second scan is the sum of a quantity . 
representing a surface height difference and a quantity representing measurement error. 

3. A surface shape measurement apparatus according to claim 2, in which said first degree of separation 
established between-said first and second light beams of said probe light beam pair during said first scan is 

35 made less than the minimum value set by Rayleigh's criterion for resolution therebetween,.whereby the 35 
phase value produced by said phase detection means during each step of said first scan directly represents 
said value of phase measurement error produced during that step.. . 

4. A surface shape measurement apparatus according to claim 3, in which said scanning means 
comprise: • . 

40 ajasej; light source for generating a polarized light beam; 40 
acousto-optical light deflector means for converting said light beam from said laser light source into a pair 
of light beams which mutually differ in frequency by a first fixed amount and a second fixed amount during 
said first and second scans respectively, are mutually divergent by a first fixed angle and a second fixed 
angle during said firstand second scans respectively, and are deflected with respect to the direction of said 

45 laser light beam during each of said first and second scans by successive angular increments of uniform 45 
amplitude, the values of said frequency differences, angles of divergence and angular increments being 
controlled by said acousto-optical light deflector means; 

optical isolator means disposed such as to split said deflected pair of light beams into a reference light 
beam pair and a probe light beam pair respectively travelling in mutually different directions; and 

50 optical means for focussing said probe light beam pair onto said surf ace. 50 

5. A surface shape measurement apparatus according to claim 4, inwh"ich said phase detection means 
comprise: 

firstphoto-electric transducer means; 

optical means for directing said reference light beam pair to be incident on said firstphoto-electric 
55 transducer means, whereby a reference signal is produced by said first photo-electric transducer means, 55 
resulting from heterodyne, interference between said incident light beams, having a frequency which is equal 
to said light beam frequency difference established by said acousto-optical light deflector means; - 
second photo-electric transducer means; 

optical, means for directing said resultant first and second reflected light beams from said surface to be 
60 incident on said second photo-electric transducer means, whereby said reflected light signal is produced by ■ so 
said second photo-electric transducer means having a frequency which is equal to said light beam frequency 
difference established by said acousto-optical light deflector means and varying in phase in accordance with 
variations in phase difference between said first and second reflected light beams; and 

phase comparator circuit means couoled to receive said refprpnrp sionai »nH cairt rofio^toH i; n ht ei^r^i 
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and said reflected light signal, corresponding to a phase difference between said first and second reflected 
fight beams. 

6. A surface shape measurement apparatus according to claim 4, in which said acousto-optical light 
deflection means comprise: 

5 a piezoelectric transducer coupled to an optically diffracting medium, with said light beam from said laser 5 
light source being directed into said medium in a fixed direction; 
a voltage-controlled oscillator circuit for generating a carrier signal; 

a modulation signal source for generating a modulation signal of sinusoidal waveform and lower 
frequency than that of said carrier signal. 
10 A source of modulation control signal for controlling the operation of said modulation signal source such -jq 
that said modulation signal attains a first fixed frequency during said first scan and a second fixed frequency 
during said second scan; 

a source of a voltage-controlled oscillator circuit control signal having a waveform comprising a 
succession of voltage steps of uniform amplitude and duration, said voltage-controlled oscillator circuit 
15 control signal being applied to said voltage-controlled oscillator circuit to control the frequency of said 15 
carrier signal such as to produce corresponding successive step changes in frequency thereof; 

a double-balanced modulator circuit for modulating said carrier signal with said modulation signal to 
produce a suppressed carrier double-sideband output signal; 

said output signal being applied to drive said piezoelectric transducer to generate ultrasonic acoustic 
20 waves within said optically diffracting medium to thereby split said light beam from said laser light source 20 
into a pair of light beams emerging from said medium, whereby during said first scan, said pair of light 
beams differ in frequency by said first frequency difference and differ in deflection angle by first said angle of 
divergence as determined by said first modulation signal frequency, the value of said first angle of 
divergence being such as to set the separation between the first and second beams of said probe light beam 
25 P air t0 a distance less than the minimum established by Rayleigh's criterion, and whereby during said 25 
second scan said pair of light beams differ in frequency by said second frequency difference and differ in 
deflection angle by said second angle of divergence as determined by said second modulation signal 
frequency, whereby the spacing between said first and second beams of said probe light beam pair is made 
equal to said step amplitude, and with said pair of light beams being mutually deflected with respect to the 
30 direction of said laser light beam during both said first and second scans by a succession of angular 30 
increments of uniform magnitude, said angular increment magnitude being determined by the magnitude of 
said voltage steps applied to said voltage-controlled oscillator circuit. 

7. A surface shape measurement apparatus according to claim 1, in which said scanning of said surface 
portion comprises a single scan during each step of which said first and second light beams of said probe 
35 light beam pair are separated by a fixed distance such that the position of incidence of said second light 35 
beam on said surface overlaps the position of incidence of said first light beam thereon during the preceding 
step, and in which said data-processing circuit means memorize said phase values successively produced by 
said phase detection means during said scan, detect the amount of change of amplitude of said phase values 
between successive scanning steps, and perform statistical averaging of the set of phase values produced in 
40 a " of the steps of said first scan other than phase values which exceed a specific amplitude with respect to 40 
the phase value of the immediately preceding step, to thereby derive a set of phase measurement error 
values corresponding to said phase error function, and moreover subtract said phase measurement error 
values from the corresponding ones of said memorized phase values to thereby derive said corrected phase 
values. 

45 8. A surface shape measurement apparatus according to claim 7, in which said scanning means 45 
comprise: 

a laser light source for generating a polarized light beam; 

acousto-optical light deflector means for converting said light beam from said laser light source into a pair 
of light beams which mutually differ in frequency by a fixed amount, are mutually divergent by a fixed angle, 
50 and are deflected with respect to the direction of said laser light beam during each of said first and second 50 
scans by successive angular increments of uniform amplitude, the values of said frequency difference, angle 
of divergence and angular increments being controlled by said acousto-optical light deflector means; 

optical isolator means disposed such as to split said deflected pair of light beams into a reference light 
beam pair and a probe light beam pair respectively travelling in mutually different directions; and 
55 optical means for focussing said probe light beam pair onto said surface. 55 

9. A surface shape measurement apparatus according to claim 8, in which said phase detection means 
comprise: 

first photo-electric transducer means; 

optical means for directing said reference light beam pair to be incident on said first photo-electric 
6 q transducer means, whereby a reference signal is produced by said first photo-electric transducer means, 60 
resulting from heterodyne interference between said incident light beams, having a frequency which is equal 
to said light beam frequency difference established by said acousto-optical light deflector means; 
second photo-electric transducer means; 

optical means for directing said resultant first and second reflected light beams from said surface to be 
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said second photo-electric transducer means having a frequency which is equal to said light beam frequency 
difference established by said acousto-optical light deflector means and varying in phase in accordance with 
variations in phase difference between said first and second reflected light beams; and 
phase comparator circuit means coupled to receive said reference signal and said reflected light signal, for 
5 producing an output signal representing the magnitude of a phase difference between said reference signal 
and said reflected light signal, corresponding to a phase difference between said first and second reflected 5 
light beams. 

10. A surface shape measurement apparatus according to claim 9, in which said acousto-optical light 
deflection means comprise: 

10 a piezoelectric transducer coupled to an optically diffracting medium, with said light beam from said laser 
light source being directed into said medium in a fixed direction; 10 
a voltage-controlled oscillator circuit for generating a carrier signal; 

a modulation signal source for generating a modulation signal of sinusoidal waveform and lower 
frequency than that of said carrier signal; 

1 5 a source of a voltage-controlled oscillator circuit control signal having a waveform comprising a 
succession of voltage steps of uniform amplitude and duration, said voltage-controlled oscillator circuit 
control signal being applied to said voltage-controlled oscillator circuit to control the frequency of said 
carrier signal such as to prbduce corresponding successive step changes in frequency thereof; 
a double-balanced modulator circuit for modulating said carrier signal with said modulation signal to 

20 produce a suppressed carrier double-sideband output signal- 
said output signal being applied to drive said piezoelectric transducer to generate ultrasonic acoustic 
waves within said optically diffracting medium to thereby split said light beam from said laser light source 
into a pair of light beams emerging from said medium with a fixed angle of divergence between each light 
beam of said pair, said pair of light beams differing in frequency by a fixed amount, said angle of divergence 

25 and frequency difference being determined by said modulation signal frequency, said light beam pair being 25 
deflected with respect to the direction of said laser light beam by a succession of angular increments of 
uniform magnitude, said angular increment magnitude being determined by the magnitude of said voltage 
steps applied to said voltage-controlled oscillator circuit. 

1 1 . Surface shape measurement apparatus substantially as hereinbefore described with reference to the 

3q accompanying drawings. 3Q 
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